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Design  of  nanostructured  biological  materials  through 
self-assembly  of  peptides  and  proteins 
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Several  self-assembling  peptide  and  protein  systems  that  form 
nanotubes,  helical  ribbons  and  fibrous  scaffolds  have  recently 
emerged  as  biological  materials.  Peptides  and  proteins  have 
also  been  selected  to  bind  metals,  semiconductors  and  ions, 
inspiring  the  design  of  new  materials  for  a  wide  range  of 
applications  in  nano-biotechnology. 
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Introduction 

Self-assembly  can  be  defined  as  the  spontaneous  organization 
of  individual  components  into  an  ordered  structure 
without  human  intervention  [1**].  The  key  elements  of 
molecular  self-assembly  are  complementarity  in  shape 
among  the  individual  components  and  weak,  non-covalent 
interactions.  Molecular  self-assembly  as  a  fabrication  tool 
will  have  a  significant  impact  in  the  coming  decades. 
Engineering  principles  for  micro-  and  nano-fabrication  can 
be  learned  by  understanding  molecular  self-assembly 
phenomena  in  nature.  Numerous  self-assembling  systems 
have  already  been  developed,  ranging  from  block 
copolymers  and  surfactant-like  materials  to  scaffolds  for 
three-dimensional  (3D)  cell  culture,  DNA-based  struc¬ 
tures  and  models  to  study  protein  folding  and  protein 
conformational  disease. 

The  basis  of  molecular  self-assembly 

The  challenge  in  molecular  self-assembly  is  to  design 
molecular  building  blocks  that  can  undergo  spontaneous 
organization  into  a  well-defined  and  stable  macroscopic 
structure  using  non-covalent  bonds.  These  typically 
include  hydrogen  bonds,  ionic  bonds,  water-mediated 
hydrogen  bonds,  hydrophobic  and  van  der  Waals  interactions. 
Although  each  of  these  forces  is  rather  weak,  their  collective 
interactions  can  produce  very  stable  structures. 

Amino  acids  and  short  peptides  have  not  generally  been 
considered  to  be  useful  for  traditional  materials  science 
and  engineering.  The  advent  of  genetic  engineering  and 
recent  advances  in  peptide  synthesis  and  molecular- 
engineered  proteins  have  changed  this  view.  Self-assembly 
of  biomolecules  is  now  emerging  as  a  new  route  to  produce 
novel  materials  and  to  complement  other  materials 
(i.e.  ceramics,  metals,  alloys,  synthetic  polymers  and  other 


composite  materials).  Rapid  developments  in  biotechnology 
have  rekindled  the  field  of  materials  science.  Considerable 
advances  have  been  made  in  the  use  of  peptides  and 
proteins  as  building  blocks  to  produce  a  wide  range 
of  biological  materials  for  diverse  applications 
[2,3**-5**,6*,7**,8*,9**,10*-15*,16",17*,18,19,20*]. 

Self-assembling  peptide  systems 

In  the  past  few  years,  we  concentrated  our  research  efforts 
on  peptide  self-assembling  systems.  Short  peptides  are 
easy  to  design  and  synthesize,  making  them  an  excellent 
model  system  for  studying  biological  self-assembly. 
Several  types  of  self-assembling  peptides  have  been 
systematically  studied  [21].  This  class  of  biological  materials 
has  considerable  potential  for  a  number  of  applications, 
including  scaffolding  for  tissue  repair  in  regenerative 
medicine,  drug  delivery  and  biological  surface  engineering. 

Tirrell  and  colleagues  [2]  designed  artificial  proteins  that 
undergo  self-assembly  to  form  hydrogels  responsive  to  pH 
and  other  environmental  changes.  Ghadiri  and  colleagues 
[4**,5**j  designed  peptide  nanotubes  that  allow  ions  to 
pass  through  and  to  insert  themselves  into  lipid  bilayers. 
Aggeli  and  colleagues  [6*]  showed  that  other  (3-sheet 
peptide  systems  can  also  undergo  self-assembly  into  regular 
nanofiber  structures.  Although  they  share  no  sequence 
similarity,  their  nanofibers  share  remarkable  structural 
similarity  and  physical  properties  with  the  ones  we  studied 
[7**, 8*].  Several  surfactant-like  peptides  have  also  been 
reported  [9**,10*].  Furthermore,  a  number  of  biomimetic 
peptide  and  protein  structures,  such  as  helical  coiled-coils 
and  di-,  tri-  and  tetra-helical  bundles  combined  with  heme 
groups  have  also  been  studied  [1 1  *,12*].  Belcher  and  colleagues 
[14*,  15*]  have  selected  specific  peptides  that  can  form 
complexes  with  metal  and  semiconducting  elements. 
These  collective  efforts  have  emerged  as  a  new  field: 
molecular  self-assembly  for  fabricating  nanostructured 
materials;  namely,  designing  materials  using  biological 
constituents  and  motifs. 

Amphiphilic  and  surfactant  peptides 

It  is  generally  known  that  small  polymers  which  contain 
within  them  a  hydrophobic  region  and  a  separate 
hydrophilic  region  will  self-assemble  in  aqueous  solution 
to  form  distinct  structures  such  as  micelles,  vesicles  and 
tubules.  This  is  largely  due  to  the  hydrophobic  effect, 
which  drives  the  nonpolar  region  of  each  polymer  mole¬ 
cule  away  from  water  and  towards  one  another.  The 
dimensions  and  shape  of  the  supramolecular  structures 
formed  from  such  assemblies  will  then  depend  on  different 
factors,  such  as  the  geometry  of  the  polar  head  group  and 
the  shape  of  each  molecule  [22*].  In  biology,  the  most 
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Figure  1 


Various  types  of  self-assembling  peptide  systems,  (a)  Amphiphilic 
peptides  in  fS-strand  conformation  are  chiral  objects.  As  a 
consequence,  they  self-assemble  into  twisted  tapes,  (b)  Helical 
dipolar  peptides  can  undergo  a  conformational  change  between 


a-helix  and  p-sheet,  much  like  a  molecular  switch  [44*]. 

(c)  Surface-binding  peptides  can  form  monolayers  covalently 
bound  to  a  surface  [45*].  (d)  Surfactant-like  peptides  can  form 
vesicles  and  nanotubes  [9**,  1  0*] . 


common  example  of  such  amphiphilic  molecules  is  the 
phospholipid,  the  predominant  constituent  of  the  cell 
membrane,  which  encapsulates  and  protects  the  cytoplasm 
from  the  environment. 

The  growing  interest  in  nanotechnology  has  stimulated 
the  discovery  and  development  of  new  materials  that  can 
self-assemble  into  well-ordered  structures  at  the  nanometer 
scale  [23*].  Although  such  ordered  and  reproducible  structures 
are  very  common  in  biology,  they  are  a  tremendous 
challenge  for  the  material  scientist.  Therefore,  much  effort 
has  been  focused  on  investigating  the  use  of  biological 
molecules  for  nanotechnology  applications  [24*, 25, 26*]. 

Our  laboratory  has  designed  many  simple  amphiphilic 
peptides  that  consist  exclusively  of  natural  L-amino  acids 
[3*,,7,,,8*,9**,10*]  (Figure  1).  One  subset  of  these  molecules 
is  surfactant-like  peptides  ([9**, 10*],  von  Maltzahn  et  al., 
unpublished  data).  They  share  a  common  motif:  the  polar 
region  of  each  molecule  has  one  or  two  charged  amino 
acids  and  the  non-polar  region  is  made  from  four  or  more 
consecutive  hydrophobic  amino  acids  (see  figures  in  [9**, 10*]). 
For  example,  the  V6D  sequence  has  six  hydrophobic  valine 


residues  from  the  N-terminus  followed  by  a  negatively 
charged  aspartic  acid  residue,  thus  having  two  negative 
charges,  one  from  the  side  chain  and  the  other  from  the 
C-terminus  [9**]. 

This  peptide  self-assembles  in  aqueous  solution  into 
30-50  nm  supramolecular  structures,  as  detected  by 
dynamic  light  scattering.  Transmission  electron 
microscopy  (TEM)  studies  of  the  flash-frozen  sample 
reveal  the  presence  of  a  vast  array  of  tubular  structures 
having  diameters  approximately  30-50  nm  (Figure  2) 
with  lengths  of  several  microns.  Nanovesicles  were 
also  observed,  suggesting  that  the  dynamic  behavior 
of  the  supramolecular  assemblies  may  be  tunable  by 
changing  the  sequence  of  the  monomer  and  the  environ¬ 
ment.  The  supramolecular  structure  of  nanotubes  formed 
by  the  surfactant  peptide  V6D  is  proposed  in  Figure  3. 
These  peptides  can  be  tailored  for  added  functionality 
using  standard  techniques  in  peptide  chemistry.  For 
example,  biotinylation  of  a  monomer  will  make  it  bind 
to  a  surface  coated  with  streptavidin,  or  a  string  of 
histidines  will  allow  it  to  bind  to  nickel  for  interfacing 
with  inorganic  materials. 
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Figure  2 


Transmission  electron  microscope  images  of 
V6D.  The  sample  was  flash  frozen  in  liquid 
propane  (-1  80°C)  and  surface-coated  with  a 
thin  layer  of  platinum  and  carbon,  yielding  a 
replica.  This  technique  preserves  the 
structures  formed  in  solution.  The  nanotube 
and  vesicle  structures  are  clearly  seen  in 
these  images. 


Other  similar  protein  amphiphiles  were  also  reported  by 
Tirrell  and  colleagues  [2]  as  well  as  Deming  and  colleagues 
[13].  These  amphiphiles  have  the  familiar  alternating 
polar-nonpolar  regions  but  each  polypeptide  consists  of 
200  amino  acids  arranged  as  a  di-block  copolymer.  In 
solution,  these  designed  polypeptides  self-assemble  to 
form  strong  and  fast-recovering  hydrogels  that  respond  to 
pH  changes  [2],  or  are  heat  resistant  to  90°C  [13*].  These 
biologically  inspired  materials  may  prove  to  be  advanta¬ 
geous  both  in  functionality  and  biodegradability,  especially 
in  biomedical  applications. 

The  range  of  amphiphilic  peptides  is  not  limited  to 
naturally  occurring  amino  acids.  Stupp  and  colleagues 
[16**, 17*]  have  linked  hydrophilic  peptides  to  long  alkyl 
chains,  making  the  complex  amphiphilic.  The  peptide  end 
of  the  molecule  is  designed  to  be  functional  in  biomineral¬ 
ization:  a  phosphorylated  serine  is  incorporated  within  the 
peptide  and  used  for  attracting  and  organizing  calcium  ions 
to  regulate  the  mineralization  of  hydroxyapatite  [17*].  The 
G-terminus  of  the  peptide  is  further  functionalized  with  a 
cell-adhesion  motif  RGD  (arginine-glycine-aspartic  acid). 

Besides  their  potential  in  biomaterials  and  medicine,  these 
amphiphilic  peptide  materials  may  also  serve  as  scaffolds 
in  other  areas  of  nanotechnology.  Of  particular  interest  is 
the  fabrication  of  conducting  nanowires.  One  may  envisage 
that  nanotubes  made  from  these  peptides  can  serve  as 
templates  for  metallization  [27*].  Once  the  organic  scaffold 
is  removed,  a  conducting  wire  can  be  formed  and  immobi¬ 
lized  on  a  surface.  It  is  of  great  interest  to  develop  various 
methods  to  attach  conducting  metal  nanocrystals  to 
peptides  for  such  purposes.  Matsui  and  co-workers  have 
made  progress  in  functionalizing  nanotubes  formed  by 
bolaamphiphile  peptides  [28].  They  coated  the  nanotube 


with  a  metalloporphyrin  compound  [29]  and  showed  that 
their  nanotubes  can  also  be  coated  with  avidin,  thus 
enabling  them  to  specifically  bind  to  gold  surfaces  that 
have  been  treated  with  biotinylated  self-assembled 
monolayers  (SAMs)  [30]. 

To  tailor  the  material  for  a  specific  need,  researchers  in 
material  science,  engineering  and  nanotechnology  can 
indeed  benefit  from  the  knowledge  of  biochemistry, 
molecular  biology  and  cell  biology.  The  design  flexibility 
offered  by  peptides  may  result  in  a  wide  variety  of 
functions  for  the  ordered  structures  formed  by  self-assembly. 
Further  pursuits  will  focus  on  controlling  the  uniformity  of 
the  self-assembled  nanostructures,  a  critical  criterion  for 
applications  in  nanotechnology. 

Peptide  self-assemble  into  3D  matrix  scaffolds 

Self-assembly  of  peptides  and  proteins  is  a  promising  route 
to  the  fabrication  of  a  variety  of  molecular  materials  including 
nanoscale  fibers  [3**,7**,8*,16**,17*]  and  fiber  network 
scaffolds  [2,3**,  13*].  Efforts  aimed  at  producing  structured 
materials  at  the  nanometer  scale  have  already  produced 
remarkable  results.  Chirality  of  the  molecular  building 
blocks  plays  an  important  role  in  such  processes.  An  inter¬ 
esting  example  of  how  chirality  at  the  molecular  level 
influences  the  supramolecular  structures  is  evident  in  the 
self-assembly  of  an  eight-residue  peptide,  KFE8  [7**]. 
The  right-handed  twist  of  the  peptide  backbone  [31]  in 
(3-strand  conformation  leads  to  the  formation  of  left-handed 
helical  ribbons  of  regular  pitch  at  the  nanometer  scale 
(Figure  4).  The  molecular  structure  of  these  nanofibers  is 
difficult  to  obtain,  because  they  are  not  amenable  to  high- 
resolution  X-ray  diffraction  nor  solution  NMR.  Moreover, 
the  precise  mechanism  of  nucleation  and  growth  of  these 
fibers  from  free  monomers  still  remains  unclear. 
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Figure  3 


(a)  Axis  view  of  a  peptide  nanotube 
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(b)  Side  view 


Proposed  supramolecular  structure  of  the  V6D  peptide  nanotube.  Each 
peptide  monomer  is  2  nm  long  and  the  diameter  of  the  nanotube  is 
50  nm.  The  hydrophilic  heads  (red)  are  in  contact  with  water,  whereas 
the  hydrophobic  tails  (blue)  are  segregated  from  it. 


Interestingly,  researchers  in  designed  peptide  and  protein 
materials  are  turning  their  attention  toward  studies  of 
protein  conformational  diseases,  and  vice  versa.  Indeed,  the 
non-covalent  assembly  of  monomers  to  form  ordered 
nanofibers  is  at  the  heart  of  a  wide  variety  of  physiological 
and  pathological  processes. 

Theoretical  models  of  self-assembled  peptide  fibers  have 
been  divided  into  three  categories,  depending  on  the  level 
of  scalings  involved:  first,  a  molecular  model  [32**]: 
second,  a  semi-continuum  model,  where  the  self-assembled 
structure  is  treated  as  an  elastic  tape  composed  of 
brick-like  building  blocks  [4**, 6*, 33, 34];  and  third,  a  fully 
continuum,  field-theoretic  model  [35].  Each  contributes  to 
part  of  the  overall  understanding.  The  molecular  approach 
uses  molecular  dynamics  simulation  to  explore  the  packing 
order  between  peptides  in  the  nanofibers  and  the  energy 
landscape  associated  with  a  deformation  of  the  structure 
(Figure  5).  Such  an  approach  is  useful  in  investigating  the 
detailed  structure  of  nanofibers,  providing  guidance  in  the 


Figure  4 


The  peptide  KFE8  (of  sequence  FKFEFKFE)  self-assembles  in 
aqueous  solution  into  left-handed  helical  ribbons.(a)  Atomic  force 
microscopy  image  (500  nm  x  500  nm)  of  a  peptide  solution  deposited 
over  mica  8  min  after  preparation,  (b)  Same  sample,  4  days  after 
preparation  (1  pm  x  1  pm). 


design  of  peptide-  and  protein-based  biological  materials. 
The  next  level  of  coarse-graining  simplifies  monomers  as 
bricks  and  postulates  the  existence  of  phenomenological 
interactions  between  them.  Through  thermodynamics 
considerations,  the  higher  level  ordering  of  nanofibers, 
such  as  bundling,  can  be  analyzed.  When  the  properties  of 
single  fibers  are  known,  such  an  approach  could  help  in 
controlling  nanofiber  organization.  The  fully  continuum 
description  uses  order  parameters  to  develop  and  analyze  a 
field-theoretic  expression  of  the  free  energy.  Although 
originally  developed  for  larger  scale  self-assembled  lipid 
fibers  (microns  in  diameter),  this  theory  is  applicable  to 
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peptide  nanofibers  as  long  as  the  structural  feature  of  interest 
is  larger  than  the  size  of  individual  peptides.  All  of  the 
above  theories  are  focused  on  the  already  formed  structure. 
Currently,  very  little  is  known  about  the  dynamics  of  the 
self-assembly  process.  Likewise,  surfactant  or  colloid  self- 
assembly  is  relatively  well  studied  at  the  molecular  [36], 
mesoscopic  [37,38]  and  thermodynamic  [39*]  levels.  In  the 
case  of  fiber  formation,  there  are  experimental  reports  that 
self-assembly  is  a  multi-stage  process  with  distinct  inter¬ 
mediate  structures  [7**, 40, 41**, 42].  Characterization  of 
these  intermediates  and  the  structural  transition  between 
them  is  important  for  understanding  and  controlling 
peptide  self-assembly. 

Designed  peptide-hydrogels  for  3D  cell  culture 
and  regenerative  biology 

Upon  addition  of  monovalent  alkaline  cations  or  introduction 
of  the  self-assembling  peptide  solutions  into  physiological 
media,  these  peptides  spontaneously  assemble  to  form 
macroscopic  structures  that  can  be  fabricated  into  various 
geometric  shapes  [3**,43**].  Scanning  electron  microscopy 
and  atomic  force  microscopy  reveal  that  the  matrices  are 
made  of  interwoven  nanofibers  with  a  diameter  of  10-20  nm 
and  pores  about  50-200  nm  [3**, 7**, 8*].  If  the  alanines  are 
changed  to  more  hydrophobic  residues,  such  as  Val,  Leu, 
lie,  Phe  or  Tyr,  the  molecules  have  a  greater  tendency  to 
self-assemble  and  form  peptide  matrices  [7**, 8*]. 

Tests  have  been  conducted  on  a  number  of  mammalian 
cells  and  all  have  been  found  to  form  stable  attachments 
with  these  peptide  materials  [3**, 43**].  Several  peptides 
have  also  been  tested  for  their  ability  to  support  cell 
proliferation  and  differentiation  ([3**,43**];  Semino  C, 
unpublished  results).  These  results  suggest  that  not  only 
can  the  peptide  materials  support  various  types  of  cell 
attachments,  but  they  also  enable  their  proliferation  and 
differentiation.  When  primary  mouse  neuron  cells  were 
allowed  to  attach  to  these  scaffolds,  the  neuron  cells 
projected  axons  that  followed  the  specific  contours  of  the 
self-assembled  peptide  surface  and  made  active  and 
functional  connections  [3**].  When  bovine  chondrocytes 
were  encapsulated  in  the  peptide  scaffold,  they  not  only 
maintained  their  differentiated  state  but  also  produced 
large  amount  of  Type  II  and  Type  XI  collagen  as  well  as 
glycosaminoglycan  [43**]. 

Conclusions 

Advancement  in  nanotechnology  will  require  the  ability  to 
produce  nanostructured  materials  and  molecular  self-assembly 
will  undoubtedly  play  a  fundamental  role  in  this  process. 
Moreover,  the  formation  of  structures  by  self-assembly  is 
much  more  energy  efficient  than  directed  assembly. 
Amphiphilic  peptides  have  been  shown  to  be  promising 
building  blocks  for  biomolecular  self-assembly.  Current 
research  has  also  shown  that  chemically  tailoring  individual 
monomers  can  confer  a  particular  function  to  the  supramolecular 
structure;  for  example,  the  ability  to  crystallize  hydroxy¬ 
apatite  or  to  specifically  immobilize  patterned  surfaces. 


Figure  5 
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A  molecular  model  of  the  helical  ribbon  intermediate  formed  by  the 
peptide  KFE8.  The  inner  and  outer  p-sheets  form  a  double-sheet  helix 
with  the  hydrophobic  side  chains  sandwiched  between  the  two  layers. 
The  molecular  packing  and  the  energy  landscape  of  this  system  was 
explored  in  [7**,32**]. 


Engineering  through  molecular  design,  self-assembly  and 
programmed  assembly  will  play  an  increasingly  important 
role  in  research  and  industry.  Investigating  the  self-assembly 
of  peptides  is  also  likely  to  provide  new  opportunities  to 
unravel  complex  phenomena  including  amyloid  fiber  formation 
in  protein  conformational  diseases. 
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